Many eukaryotic protein kinases are activated by phosphorylation on a specific conserved 24 residue in the regulatory activation loop, a post-translational modification thought to stabilize the 25 active DFG-In state of the catalytic domain. Here we use a battery of spectroscopic methods
that track different catalytic elements of the kinase domain to show that the ~100-fold activation 27 of the mitotic kinase Aurora A (AurA) by phosphorylation occurs without a population shift to the 28 observed when the kinase is saturated with both nucleotide and Tpx2, and is on the order of ~1 151 nanometer for both phosphorylated and unphosphorylated AurA (Figure 2b , Supplementary 152 Figure S6 ) 21 . This suggests that the activation loop undergoes a similar structural change in 153 response to ligand binding regardless of its phosphorylation state. However, we noted several 154 differences between the unphosphorylated and phosphorylated enzymes in how they respond to 155 Tpx2 binding. Firstly, the affinity of the phosphorylated kinase for Tpx2, determined from the 156 titration data, is ~20-fold higher than for the unphosphorylated kinase ( Figure 2c ). Secondly, experiment, normalized to the fluorescence peak. 
210
The distance distributions measured for the phosphorylated and unphosphorylated 211 kinase are strikingly similar (Figure 2e ). In both cases, a broad distribution centered at ~30 212 angstroms is observed for apo AurA, indicating that the activation loop is highly flexible under 213 these conditions. This is consistent with adoption of the DFG-Out state, in which the C-terminal 214 half of the activation loop lacks contacts with the rest of the kinase domain, and is typically 215 disordered in x-ray structures [29] [30] [31] (Figure 2f ). The addition of both ADP and Tpx2 together yields 
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indicating a high degree of structural order in the activation loop. Consistent with this, spin-spin 243 distance distributions determined from these data by Tikhonov regularization 33 are similar and 244 broad for the samples bound to nucleotide alone ( Figure 3a ), but display two sharp peaks at 44 245 and 52 angstroms for the phosphorylated samples containing Tpx2 (Figure 3b ). The 52-246 angstrom distance is considerably longer than the distances observed in the samples lacking 247 Tpx2, consistent with the activation loop adopting the extended conformation characteristic of 248 the active DFG-In state (see Figure 2f ). Although the shorter 44-angstrom distance could in 249 principle arise from a fraction of the sample occupying the DFG-Out state, we consider this 250 unlikely. Firstly, the sharp nature of the 44-and 52-angstrom peaks is indicative of the high 251 degree of structural order expected for the DFG-In state, but not the dynamic DFG-Out state, as 252 discussed above (see Figure 2f ). Secondly, the IR and FRET results indicate that Tpx2 shifts 253 the phosphorylated kinase mostly to the DFG-In state. 
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DEER spectra were also measured for AurA bound to Tpx2 but lacking phosphorylation 281 ( Figure 3d ), and the corresponding distance distributions showed a sharp peak at a longer 282 distance than in the corresponding sample without Tpx2 (see Figure 3a ), consistent with a 283 switch to the DFG-In state. Interestingly, this distance was ~4 angstroms shorter than the 52-284 angstrom peak measured for the phosphorylated sample in the presence of Tpx2 (Figure 3d ), 285 suggesting that phosphorylation alters the structure of the DFG-In state.
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Taken together, the IR, FRET, and EPR data conclusively show that phosphorylation on 287 T288 alone is not sufficient to shift AurA into the DFG-In state. Instead, the phosphorylated 
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The T288 phosphorylation site lies in the C-terminal segment of the activation loop, 306 which forms an integral part of the binding site for peptide substrates (Figure 4a ). In the crystal 307 structure used to initiate the simulations, this segment of the loop appears to be stabilized by 308 interactions between the pT288-phosphate moiety and three arginine residues: R180 from the 309 αC helix, R286 from the activation loop, and the highly conserved R255 from the catalytic loop Figure 4c ). Importantly, the distance measured for phosphorylated AurA bound to SNS-314 is 450 nearly identical to that observed for the phosphorylated kinase bound to Tpx2 (Figure 5e 
517
The ~5-fold increase in the on rate k ON observed with Tpx2 (~2 x10 6 M -1 s -1 , Figure 6f ) is 518 consistent with the much larger DFG-In subpopulation under those conditions. The off rate k OFF 519 (the intercept in Figure 6e ) is difficult to measure precisely due to the steep concentration 520 dependence, but is clearly much slower than in the absence of Tpx2 (compare arrows in Figure   521 6c and e). This indicates that nucleotide dissociation from the DFG-In state is very slow, and 522 suggests that the DFG-Out state is responsible for the fast dissociation observed in the absence 523 of Tpx2 (30 s -1 ), and may even be necessary for efficient nucleotide dissociation (Figure 6g ).
524
This hypothesis is consistent with x-ray structures of DFG-Out AurA bound to nucleotides 19,50 , 525 which show that magnesium coordination is lost and the nucleotide is partly dissociated from the In our model, the slow phase observed in the presence of Tpx2 arises from the DFG-Out 528 subpopulation binding nucleotide and converting to the DFG-In state. FRET analysis of the 529 lifetime data for the slow phase suggested a small shift of ~1-2 angstroms to longer distance, 530 consistent with a small subpopulation undergoing the DFG flip (see Supporting Information and 531 Figure S10 ), but the limited size of this change prevents us from ruling out other possible 532 explanations, and our model therefore remains speculative. Interestingly, the observed 533 timescale of this structural change (~2 s -1 ) is similar to the maximum catalytic turnover rate 534 observed for Tpx2-bound AurA (~3 sec -1 , Figure 5a ), raising the possibility that the DFG flip is a 535 rate limiting step for catalytic turnover under these conditions. We propose that the DFG-Out 
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We previously reported that the binding of Tpx2 to unphosphorylated AurA causes a 551 population shift towards the DFG-In state, in striking contrast with the phosphorylation-mediated 552 activation mechanism described here 21 . Our simulation and EPR data also reveal differences in 
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Nonbonded forces were modeled using the particle-mesh Ewald (PME) method with default 806 parameters with a cutoff distance of 9.0 Å. All other settings remained at default values, except 807 double precision was used throughout the minimization-and-equilibration process.
808
Production simulation for WT amber simulations. The resulting system, integrator, and 809 state data from minimal equilibrations were serialized to XML format for simulation on 810 Folding@Home using a simulation core based on OpenMM 6.3 61,68 for both the phosphorylated 
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The entire structure was minimized using OPLS3 and an RMSD convergence cutoff of 0.3Å.
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Because TPX2 is not present in the 5L8K structure, the coordinates and crystal waters of Tpx2 831 in 1OL5 after preparation were transferred to the unprepared 5L8K after aligning the kinase 832 domain to 1OL5 and deleting the vNAR domain (chain B) from 5L8K. 5L8K was then prepared 833 using the same protocol as above, removing any organic solvent molecules but retaining all 834 crystal waters. All three structures were run through CHARMM-GUI Solvator tool 70 835 (http://www.charmm-gui.org/?doc=input/solvator). In the first stage of this tool, all crystal waters 836 and magnesiums in the structures where retained, while sulfates were deleted. Tpx2 was deleted at this stage for the non-Tpx2 conditions. Phosphorylation was either built in or deleted 838 for the threonine at residue 288 in the second stage of the Solvator tool. Also in this stage, 839 residues 225 and 284 were mutated to cysteines and the MTSL spin label (named CYR1) was 840 added to those residues. C290 was mutated to serine in the unphosphorylated conditions and 841 alanine in the phosphorylated conditions, to match the DEER experimental conditions. After the 842 PDB file was generated, a rectangular solvent box was generated using 10Å edge distance fit to 843 the protein size, with 300 mM NaCl placed using the Monte-Carlo method.
844
Parameterization the MTSL labeled CHARMM simulations. An OpenMM ForceField was 845 instantiated using CHARM36 71 force field parameters for the protein and water model, along 846 with ADP, TPO, and CYR1 parameter files output by CHARMM-GUI.
847
Minimization and equilibration for the MTSL labeled CHARMM simulations. A local 848 energy minimization was performed with no constraints on bonds or angles, which took place in 849 the solvated water box output by CHARMM-GUI and loaded into an OpenMM object. After 850 minimization, 5000 steps of NVT dynamics were run using a Langevin integrator with a time 851 step of 1.0 fs, temperature of 50K and a collision rate of 90.0 ps -1 . Nonbonded forces were 852 modeled using the particle-mesh Ewald (PME) method with a cutoff distance of 9.0 Å. All other 853 settings remained at default values, except mixed precision was used throughout. After this, a 854 second equilibration was run using 500000 steps of NPT dynamics using a Langevin integrator 855 with a temperature of 300 Kelvin, collision rate of 90 ps -1 , and timestep of 2.0 fs. A Monte Carlo Tpx2 status was set up as a RUN. For each of the RUNs, 100 CLONEs with different initial 864 random velocities and random seeds were simulated on Folding@home, where each clone ran 865 for a maximum of 3 μs (1.5 billion Langevin dynamics steps with all-atom output frames saved 866 every 250,000 steps using mixed precision and a Monte Carlo Barostat with pressure of 1 atm, 867 300 Kelvin, and barostat frequency of 50). In aggregate, each of the 12 configurations totaled 868 between 75-110μs per starting configuration. 
